
Leukemia cells remodel bone 
marrow stromal cells to generate a 
protumoral microenvironment via 
the S100A8-NOX2-ROS signaling 
pathway
Yangyang Gu1,3,5, Jingyi Xia2,5, Yuhong Guo1,3, Linfen Tao1,3, Guanbin Zhang1,3,4 & 
Jianping Xu1,3

The bone marrow microenvironment (BMM) plays a crucial role in the pathogenesis and progression 
of acute myeloid leukemia (AML). AML cells can modify the BMM to establish a more favorable 
environment for their survival. However, the mechanism about the complex regulatory interplay 
between the BMM and AML cells remains unclear. In this study, we used proteomic analysis to 
elucidate the potential mechanisms underlying the interaction between bone marrow stromal 
cells (BMSCs) and AML cells. We found that the co-culture of AML cells and BMSCs facilitated the 
proliferation of AML cells, suppressed the proliferation of BMSCs and triggered their senescence. 
Furthermore, we show the aberrant expression of S100A8 that plays a crucial role in the 
communication between AML cells and BMSCs. In the co-culture system, overexpression of S100A8 
in AML cells activated NOX2 and induced the production of reactive oxygen species (ROS) in the 
supernatant, thereby suppressing the proliferation of BMSCs and facilitating the senescence of BMSCs. 
Subsequently, aging BMSCs secreted a variety of cytokines, including IL-6, CXCL5, MIP-1b, etc. as 
shown by Cytokine Array and qPCR analysis, which had stimulatory effects on the progression of AML. 
In conclusion, the present study reveals the crucial involvement of the S100A8-NOX2-ROS signaling 
pathway in mediating communication between AML cells and BMSCs, suggesting that targeting 
S100A8 may constitute an efficient strategy for AML therapy.
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Acute myeloid leukemia (AML) is a hematological malignancy characterized by the abnormal proliferation 
and differentiation of hematopoietic cell precursors in the bone marrow, disrupting normal hematopoiesis 
and causing bone marrow failure1. AML is the most common type of acute leukemia in adults, with a low 
rate of remission and a tendency to relapse2. Chemotherapy is the main treatment for AML, with a cure rate 
of 35–40% in adult patients below 60  years of age and merely 5–15% in those over 601. The bone marrow 
microenvironment (BMM) plays a crucial role in the pathogenesis and progression of AML, serving as the direct 
niche for leukemia cells3,4. The BMM is composed of stromal cells, extracellular matrix, cytokines and other 
constituents that provide direct or indirect support to leukemia cells, thereby enabling them to acquire a static 
stem cell phenotype, and shielding them from both spontaneous and therapeutic apoptosis3,5,6. At the same 
time, leukemia cells can modify the BMM to establish an even more favorable environment for their survival7,8. 
Investigating the complex regulatory interplay between the BMM and AML cells is essential to understanding 
the development of leukemia and achieving a cure.
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S100A8 is a calcium- and zinc-binding protein with diverse intracellular and extracellular functions9,10. 
Aberrant expression of S100A8 has been observed in several tumors, including hematological malignancies11,12. 
Overexpression of S100A8 can impede the differentiation of AML cells13. The NADPH oxidase NOX2 is highly 
active in AML patients14,15. NOX2 can stimulate glycolysis and proliferation of AML cells by activating PFKFB316, 
and NOX2 can facilitate mitochondrial transfer from bone marrow stromal cells (BMSCs) to AML cells by 
generating reactive oxygen species (ROS), thus providing the energy needed for the rapid proliferation of AML 
cells17. Previous studies have demonstrated that S100A8 can activate NOX2 through direct interaction with 
NCF2 (a.k.a. p67phox), a regulatory subunit of NOX214,18. Furthermore, silencing S100A8 in mouse microglioma 
cells led to a decrease in the expression of NOX219. This suggests that S100A8 has the ability to modulate the 
activation and expression of NOX2. However, it remains unclear whether S100A8 can regulate ROS production 
by activating NOX2 in AML.

ROS, which include superoxide anion, hydrogen peroxide and others, can induce DNA damage and cellular 
senescence, which also contribute to the remodeling of hematopoiesis and the tumor microenvironment20,21. 
The connection between the development of leukemia and the senescence of BMM has been observed22,23. 
Notably, the BMSCs of AML patients exhibit a distinct senescence phenotype compared to healthy donors; 
moreover, BMSCs from patients with acute lymphoblastic leukemia (mostly children and adolescents) also 
display a senescence phenotype24,25. These findings suggest that senescence of BMSCs plays an important 
role in the development of acute leukemia. Furthermore, it has been reported that eliminating senescent 
BMSCs can significantly increase the survival rate of AML mice26. Senescent cells are capable of secreting 
numerous cytokines, a process known as Senescence-Associated Secretory Phenotype (SASP)27, which can 
contribute to the progression of AML by activating several signaling pathways or forming a pro-inflammatory 
microenvironment28–30.Cytokines are also important mediators that are involved in communication between 
AML cells and BMSCs31. Cytokine imbalance has been reported in the BMM of AML31,32, where cytokines 
bind to receptors and activate cell-surface receptor-regulated signal transduction pathways, and contribute to 
autocrine or paracrine loops33,34, increasing the supportive role of the BMM, promoting the progression of AML 
towards a more malignant phenotype. Therefore, targeting the interaction between leukemia cells and the BMM 
may represent an effective therapeutic strategy.

Based on the literature and current knowledge, the purpose of this study is to investigate the reciprocal 
regulatory interaction between AML cells and BMSCs, along with elucidating the underlying molecular 
mechanisms. Ultimately, this research will provide a strong foundation for the discovery of new targets about 
the interaction between AML cells and BMSCs.

Results
Analysis of differentially expressed proteins in U937 cells co-cultured with or without HS-5 
cells
To investigate the relationship between AML cells and BMSCs, proteomic analysis was initially performed 
on AML cells before and after co-culture with BMSCs. A total of 938 proteins was found to be differentially 
expressed in U937 cells after co-culture with HS-5 cells. 489 proteins displayed increased expression (Fc > 2 and 
p < 0.05), with 96 proteins exhibiting a Fc > 10 and p < 0.05, while 449 proteins showed decreased expression 
(Fc < 0.5; p < 0.05), including 27 proteins with a Fc < 0.1 and p < 0.05 (Fig. 1A,B). KEGG enrichment analysis was 
conducted on the differentially expressed proteins. For upregulated proteins, KEGG terms mainly mapped to 
pathways involved in transport and catabolism processes, as well as pathways associated with environmental 
signal transduction. Some examples are the NOD-like receptor signaling pathway, phagosome and IL-17 
signaling pathway (Fig. 1C). For the downregulated proteins, KEGG data were mapped to the cell cycle and 
DNA replication (Fig. 1D).

Co-culture with HS-5 cells inhibits apoptosis and promotes the proliferation of U937 cells
We initially evaluated the impact of co-culture with HS-5 stromal cells on the proliferation and apoptosis of 
AML cells. When co-cultured with HS-5 cells, U937 cells exhibited a significant increase in viability compared 
with controls (Fig.  2A). Additionally, the apoptosis rate of U937 cells was significantly decreased after co-
culture (Fig. 2B,C). Overall, co-culture of AML cells with BMSCs promoted the proliferation of AML cells while 
concurrently suppressing their apoptosis.

Co-culture with HS-5 cells promotes ROS production through the activation of NOX2 in U937 
cells
Proteomic analysis revealed an up-regulation of the expression of NOX2 in U937 cells co-cultured with HS-5 
cells (Supplementary Table S2). Furthermore, NOX2 was found to be associated with the NOD-like receptor 
signaling pathway as indicated by the KEGG enrichment analysis. This prompted us to investigate whether 
NOX2 is involved in the reciprocal regulation between AML cells and BMSCs. Western blot analysis illustrated 
that the protein levels of NOX2 were increased after co-culture with HS-5 cells (Fig. 3A,B). We then assessed 
NOX2 activity in the supernatant and the intracellular ROS levels of U937 cells co-cultured with or without 
HS-5 cells. After co-culture with HS-5 cells, NOX2 activity in U937 cells was significantly increased (Fig. 3C). 
Additionally, the ROS levels in the supernatant were also significantly increased (Fig. 3D), while intracellular 
ROS levels were significantly reduced (Fig. 3E,F). These results suggested that co-culture of U937 with BMSCs 
promoted ROS production through activating NOX2 activity in AML cells.
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Fig. 1.  Analysis of differentially expressed proteins in U937 cells co-cultured with or without HS-5 cells. 
Proteomic analysis was performed to identify differentially expressed proteins in U937 cells co-cultured with 
(coC) or without (moC) HS-5 cells. Results are the means of three replicates for each group. (A) Number of 
differentially expressed proteins; (B) Heatmap of cluster analysis of differentially expressed proteins in U937 
cells co-cultured with or without HS-5 cells. The KEGG pathway enrichment of the upregulated (C) and 
downregulated (D) proteins in U937 cells after co-culture is shown. The diameter and the depth of color of the 
solid circles represent the number of differentially expressed proteins and p values, respectively.
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S100A8 stimulates ROS production via activating NOX2 in U937 cells co-cultured with HS-5 
cells
According to the results of the proteomic analysis, the expression of S100A8 is also up-regulated in U937 cells 
co-cultured with HS-5 cells (Supplementary Fig. 1). Consequently, an intriguing question arises as to whether 
S100A8 can stimulate ROS production by activating NOX2 in AML cells. Three shRNA sequences targeting 
S100A8 were designed to construct S100A8-lentiviral shRNA for knocking down this protein in U937 cells, The 
second sequence showed relatively obvious depletion of S100A8 protein levels (Supplementary Fig. 2). Western 
blot analysis showed that the protein level of NOX2 was decreased after S100A8 knockdown (Fig.  3G,H). 
Meanwhile, S100A8 knockdown significantly attenuated NOX2 activity and extracellular ROS levels in U937 
cells co-cultured with HS-5 cells (Fig. 3I,J) while increasing intracellular ROS levels (Fig. 3K,L). Taken together, 
these results demonstrated that S100A8 could regulate ROS production by activating NOX2 in AML cells co-
cultured with BMSCs.

HS-5 cells co-cultured with U937 cells demonstrate senescence
Co-culture of U937 cells and BMSCs can result in an elevation of extracellular ROS, prompting further 
investigation whether co-culture can induce a senescent phenotype in BMSCs. Our studies showed that co-
culture with U937 cells could inhibit the proliferation of HS-5 cells (Fig. 4A,B). Additionally, we also found that 
co-culture with U937 cells could induce senescence in HS-5 cells (Fig. 4E,F). Given the observed reduction in 
ROS levels in the supernatant upon knockdown of S100A8 in U937 cells, we examined the effects of S100A8-KD 
in U937 cells on the cell viability and senescence phenotype of HS-5 cells. Our study demonstrated that S100A8 
knockdown in U937 cells could lead to an increase in the cell viability and inhibition of senescence of HS-5 cells 
(Fig. 4C,D Fig. 4G,H). These results showed that S100A8 played a crucial role in the senescence of BMSCs when 
co-cultured with U937 cells.

Changes of cytokines in the supernatant of U937 cells co-cultured with or without HS-5 cells
HS-5 cells exhibited a senescence phenotype after co-culture with U937 cells, prompting us to investigate 
potential changes in the expression levels of SASP. A Cytokine Array was used to analyze the cytokine production 
in the supernatant of U937 cells co-cultured with or without HS-5 cells. We observed elevated levels of multiple 
cytokines in the co-culture supernatants, with chemokines exhibiting the highest variability. Knockdown of 
S100A8 expression in U937 cells resulted in reduced levels of various cytokines including IL-6, CXCL5, GM-
CSF, MIP-1β, etc. in the supernatants of co-cultures (Fig. 5A-C, Supplementary Table S3, Supplementary Fig. 9). 
Besides, we further verified the expression of related cytokines by RT-qPCR assay, which was consistent with the 
results of Cytokine Array (Fig. 5D-E). Collectively, this indicates that S100A8 modulates cytokine production 
and might serve as a crucial target to regulate the interaction between AML cells and BMSCs.

Fig. 2.  Changes in the biological activities of U937 cells co-cultured with or without HS-5 cells. The 
proliferation and apoptosis of U937 cells co-cultured with (coC) or without (moC) HS-5 cells were evaluated. 
(A) Cell viability was assessed using the MTS assay at 48 h, (C) Apoptosis was measured by Annexin V-FITC/
PI double staining after 48 h and the quantitative analyses are shown in (B). The experiments were repeated 
three times. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 3.  Enzymatic activity of NOX2 and extracellular and intracellular ROS levels in U937 cells co-cultured 
with or without HS-5 cells. The protein levels of NOX2 were determined via Western blot in U937 cells co-
cultured with or without HS-5 cells (A) and were quantified and normalized to GADPH (B); The enzymatic 
activity of NOX2 (C) and the levels of ROS in the supernatant (D) in U937 cells co-cultured with HS-5 cells 
(coC) at 48 h were detected by the Amplex red assay. The intracellular ROS levels of U937 cells at 48 h were 
detected by the DCFH-DA probe (E). The quantitative analyses are shown in (F); The protein levels of NOX2 
were determined via Western blot in U937 cells or S100A8-KD U937 cells (U937-KD) co-cultured with HS-5 
cells (G) and were quantified and normalized to GADPH (H);The enzymatic activity of NOX2 (I) and the 
levels of ROS in the supernatant (J) in S100A8-KD U937 cells (U937-KD) co-cultured with HS-5 cells at 48 h 
were detected by the Amplex red assay. The intracellular ROS levels of the S100A8-KD U937 cells (U937-KD) 
at 48 h were detected by DCF probe (K). The quantitative analyses results are shown in L. The experiments 
were repeated three times. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 4.  Results of EdU staining and SA-β-Gal staining of HS-5 cells co-cultured with or without U937 and 
S100A8-KD U937 cells. After co-culture with U937 cells for 48 h, staining for EdU was determined in HS-5 
cells, and images were observed using 200X fluorescence microscopy after staining the nuclei of proliferating 
cells with EdU (green) and the nuclei of all cells with DAPI (blue) (A); After co-culture with U937 or S100A8-
KD U937 cells (U937-KD) for 48 h, HS-5 cells were examined after staining EdU (C); The proportion of EdU 
positive cells was calculated by the ratio of EdU positive cells to the number of DAPI positive nuclei. The 
quantitative analyses are shown in (B & D). After co-culture with U937 cells for 48 h, staining for SA-β-Gal 
was determined in HS-5 cells. (E) Representative images of SA-β-Gal signal were captured using a fluorescence 
microscope fitted with a 20X objective; (F) The percentage of SA-β-Gal+ cells in each group was assessed; 
Staining for SA-β-Gal was also determined in HS-5 cells after co-culture with U937 or S100A8-KD U937 cells 
(U937-KD) for 48 h. Representative images were captured as in (G); (H) The percentage of SA-β-Gal+ cells in 
each group was calculated. The experiments were repeated three times. * p < 0.05, ** p < 0.01.
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Fig. 5.  Alteration of the cytokine production in the supernatants of co-cultures and mRNA expression of 
intracellular cytokines in HS-5 cells co-cultured with or without U937 and S100A8-KD U937 cells. (A) The 
supernatants from U937, HS-5, and U937 cells co-cultured with HS-5 cells, as well as S100A8-KD U937 cells 
(U937-KD) cells co-cultured with HS-5 cells were obtained at 48 h, and were subjected to cytokine array 
analysis; The results were photographed and presented in (B). The grayscale values for each cytokine on the 
array were obtained using Image J, and subsequently subtracted from the average grayscale values of the two 
negative controls (minus background). The average grayscale values of six positive control points of the HS-5 
supernatant served as standard. The differential expression levels of cytokines between different groups were 
analyzed based on Fc > 10 and Fc < 0.1 (C). Pos, positive control, Neg, negative control, ILs, interleukins, CKs, 
chemokines. RT-qPCR was conducted to measure the mRNA levels of cytokines IL-6, IL-8, MIP-1a, MIP-3a, 
with GAPDH as the internal reference gene for quantitative analysis (D-E). The experiments were repeated 
triple times. * p < 0.05, ** p < 0.01, ** p < 0.001.
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Discussion
The BMM serves as a crucial niche for the survival of AML cells3. Previous studies have demonstrated that 
BMSCs play a pivotal role in promoting the malignant biological behavior of AML cells 6,35. In addition to U937 
cells, we successfully replicated the previous findings in another AML cell line, HL-60 cells, as anticipated and in 
accordance with the results obtained from U937 cells (Supplementary Fig. 3–9). We showed that overexpression 
of S100A8 in AML cells can trigger ROS generation via NOX2 activation, thereby promoting senescence of 
BMSCs. Aging BMSCs can secrete a variety of cytokines that exert stimulatory effects on the progression of AML. 
(Fig. 6). Besides, we also demonstrated that co-culture with HS-5 cells could inhibit the sensitivity of U937 to 
chemotherapy drugs (Ara-C + DNR) (Supplementary Fig. 10). The present study reveals the crucial involvement 
of the S100A8-NOX2-ROS signaling pathway in mediating the communication between AML cells and BMSCs. 
It is essential to recognize that there are still some limitations in this study. We initially established a co-culture 
system comprising the AML cell line U937 and stromal cell HS-5, subsequently validating the experimental 
findings in another AML cell line HL-60, thereby substantiating the generalizability of our conclusions. The 
HL-60 cell line is derived from promyelocytes, while the U937 cell line represents acute mononuclear leukemia 
cells, thus representing two distinct subtypes of acute myeloid leukemia. Since AML is highly heterogeneous, 
we should further validate our findings in other types of AML cells, as well as in primary leukemia cells and in 
animal models of AML, to demonstrate the generalizability of our conclusions. We will continue our research 
in the future.

In addition, several proteins were identified by proteomic analysis that may have a potential as therapeutic 
targets or markers for AML (Supplementary Table S2). ANXA2 was upregulated after co-culture and is a member 
of the annexin phospholipid-binding protein family36. In ovarian cancer xenograft mice, the administration 
of CAR (2448)-T cells targeting ANXA2 resulted in tumor eradication and prolonged survival37.Additionally, 
the sequential administration of Lm-ANXA2, a Listeria monocytogenes vaccine against ANXA2, along 
with anti-PD-1 antibody, induced modifications in the pancreatic cancer microenvironment. This resulted 
in enhanced specific T-cell responses within the tumor microenvironment and further prolonged survival 
in murine models38. High level of ANXA2 mRNA was associated with poor prognosis in adult AML39. The 
potential of ANXA2 as a promising candidate for AML immunotherapy or combination therapy requires further 
investigation. Proteomic analysis in this study revealed high ASPH expression after co-culturing with HS-5 cells. 
ASPH is a tumor-associated antigen (TAA) that is expressed at the cell surface, creating a possibility for it to be a 
potential target for immunotherapy in malignancies including hepatocellular carcinoma (HCC), triple-negative 
breast cancer (TNBC) and others40–42. ASPH is significantly upregulated in around 40% of AML patients43. The 
application of anti-ASPH radiolabeled or cytotoxin-conjugated antibody–drug conjugates (ADCs) was effective 
in killing AML cell line MOLM-14 in vitro44, providing preliminary evidence for ASPH as a potential target 
for immunotherapy in the treatment of AML. The resultant changes in proteomic analysis may furnish novel 
therapeutic targets or markers for AML.

U937 and HL-60 cells co-cultured with HS-5 cells exhibited a significant upregulation in NOX2 activity and 
increased production of extracellular levels of ROS. The high expression of NOX2 in leukemia cells and the 
elevated levels of extracellular ROS have been observed in more than 60% of primary AML patients, which is 

Fig. 6.  The potential mechanisms of reciprocal regulation between AML cells and BMSCs. NOX2 and CYBA 
form heterodimers, which subsequently assemble into the NOX2-CYBA complex in its resting state. Upon 
activation by intracellular regulatory subunits (NCF1, NCF2, NCF4, etc.), the quiescent NOX2-CYBA complex 
undergoes electron transfer within NOX2 to generate superoxide anions that are further converted into ROS. 
Aberrant expression of S100A8 in AML cells can induce the generation of ROS via NOX2 activation, thereby 
promoting senescence of BMSCs. Aging BMSCs can secrete a variety of cytokines that exert stimulatory 
effects on the progression of AML. The activation process of NOX2 and the process of cytokine secretion are 
illustrated. The blue thick arrows indicate extracellular superoxide production.
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associated with an unfavorable prognosis15. ROS are important second messengers in normal hematopoiesis. The 
role of ROS in AML development is dual-fold. They induce the molecular genetic changes that promote tumor 
initiation and progression45. Meanwhile, they can exert cytotoxic effects on AML cells through oxidative stress-
dependent mechanisms, including apoptosis and autophagic cell death46,47. NOX2 and mitochondria are the two 
main sources of cellular ROS. Elevated levels of ROS are commonly observed in AML cells48,49. However, the 
intracellular ROS levels decreased in HL-60 and U937 cells co-cultured with HS-5 cells. The presence of a robust 
antioxidant system within AML cells may contribute to the mitigation of elevated ROS50–52, which is associated 
with BMSCs52. Previous studies showed that the enzyme SOD2 plays a crucial role in mitigating the excessive 
production of ROS by mitochondria53,54, converting them into harmless H2O2 and O2 through enzymatic 
reactions55. Proteomic analysis revealed a significant up-regulation of SOD2 (Supplementary Table S2), which 
may be attributed to a decrease rather than an increase in intracellular ROS levels. The intricate regulation of the 
antioxidant system in leukemia cells remains a subject of controversy56,57. In this study co-culture system, we 
found that HS-5 cells induced an increase in NOX2 enzyme activity in AML cells, resulting in the production 
of extracellular ROS. Additionally, HS-5 cells might alter the antioxidant system of AML cells, enabling them to 
withstand prolonged oxidative stress without surpassing the lethal threshold, thereby maintaining low levels of 
intracellular ROS. Further research is required into the ways in which BMSCs influences intra- and extracellular 
ROS homeostasis in AML cells, as well as the impact on the antioxidant system.

During AML development, leukemia cells cause remodeling of the BMM7, which in turn significantly 
impacts the support of normal hematopoiesis by BMSCs, leading to hematopoietic insufficiency58. The 
senescence indices of BMSCs derived from AML patients were shown to be significantly higher compared to 
those of healthy donors within the same age group59. In the present study, HS-5 cells exhibited a senescence 
phenotype after co-culture with AML cells, characterized by elevated levels of SA-β-Gal and up-regulated mRNA 
expression of IL-6, IL-8 and others27,60 (Fig. 4). Knockdown of S100A8 in AML cells resulted in the reversal of 
the senescence phenotype observed in HS-5 cells. This suggests that targeting S100A8 in AML cells may have 
the potential to reverse the senescence phenotype of BMSCs, which may represent a promising therapeutic 
strategy to improve the AML microenvironment and treat AML. As cytokines may create a pro-inflammatory 
environment, and mediate the progression of AML61. Aging BMSCs can produce a variety of SASP and release 
them into the microenvironment15. Thus, we examined cytokine levels in the supernatants of HL-60 and U937 
cells co-cultured with or without HS-5 cells, and in HS-5 cells alone using a cytokine array. The analysis revealed 
an elevation of the levels of cytokines, including IL-6, CXCL5, and Angiogenin in the supernatants of the co-
culture system (Fig. 5, Supplementary Fig. 8–9). It has been reported that IL-6 can enhance S100A8 expression in 
AML cells via the JAK-STAT3 signaling pathway62, thereby potentially initiating a feedback loop that modulates 
the BMSCs. CXCL5 plays a pivotal role in the CXCLs/CXCR crosstalk network within the microenvironment63, 
and is implicated in the migration of CD34-/low LSC from the BM to the vascular ecotone for release into 
the periphery64. Consequently, targeting the CXCL5/CXCR2 signaling pathway has the potential to enhance 
the effects of TKIs on FLT3-AML65. The microvessel count is elevated in the bone marrow of patients with 
AML66. Brunner B. et al. found that Angiogenin was up-regulated in patients with bone marrow malignancies 
67. Angiogenin is a potent inducer of angiogenesis that mediates bone marrow angiogenesis in leukemia68–70. 
We observed that following the downregulation of S100A8 in AML cells, a significant reduction in the cytokine 
levels of IL-6, CXCL5 and Angiopoietin was found in the co-culture supernatant (Fig. 5, Supplementary Fig. 8–
9). These further indicate that S100A8 may affect the cytokine network in the leukemia microenvironment.

In summary, we provide preliminary evidence that S100A8 may be a key regulator in the communication 
between AML cells and BMSCs. The overexpression of S100A8 in AML cells can induce ROS generation via 
NOX2 activation and promote senescence in BMSCs, concurrently influencing the cytokine composition of the 
microenvironment. Cytokines secreted by aging BMSCs exert stimulatory effects on the progression of AML. 
Specific inhibitors targeting S100A8 are already in existence, and targeting S100A8 is likely to be an effective 
strategy for the treatment of AML.

Materials & methods
Cell lines and culture conditions
Cells were cultured at 37 ℃ in a humidified incubator set to 5% CO2. Human AML cell lines (U937 and HL-
60), purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, 
China), were maintained in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO), supplemented with 10% fetal 
bovine serum (FBS, Cegrogen Biotech, Germany). HS-5, a type of human bone marrow stromal cells, were 
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM/High, Sigma-Aldrich) supplemented with 10% FBS.

AML cells and HS-5 co-culture system
HS-5 cells were seeded at 1 × 105 cells in 6-well plates and cultured for 24 h. until they reach approximately 80% 
confluence. They were then co-cultured for 48 h. with 2 × 105 AML cells (U937 or HL-60) for the establishment 
of the in vitro co-culture system. Most AML cells were then collected by gently pipetting twice with 1X cold 
PBS, followed by PBS/EDTA. As AML cells express CD45, they were purified for subsequent experiments using 
a human CD45 positive selection kit (STEMCELL Technologies, Vancouver, BC). coc means co-culture; moc is 
the abbreviation of mono-cluture.

Cell viability assay
Cell viability was evaluated with the MTS assay kit (Promega Corporation, Madison, WI, USA). U937 co-
cultured with or without HS-5 were seeded in 96-well plates at a density of 10,000 cells per well, while HL-60 
were seeded at a density of 20,000 cells per well. The cell culture medium (200  μl) was used as control and 
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incubated along the cells at 37 ℃ with 5% CO2 in a humidified atmosphere for 24 h. MTS (40 μl) was added 
to each well and the absorbance of each well was detected at a 490/630 nm dual wavelength with a microplate 
reader (ThermoFisher Scientific).

Apoptosis analysis
AML cells co-cultured with or without HS-5 were harvested by pipetting, rinsed three times with 1X cold PBS, 
resuspended in 100 μl 1X binding buffer, and then stained with 5 μl Annexin V-FITC and 5 μl PI for 15 min. at 
room temperature in the dark. Samples were then diluted with 400 μl 1X binding buffer before FACS analysis 
using a flow cytometer (Accuri C6 Plus, BD Biosciences, San Jose, CA, USA). Results were analyzed using the 
FlowJo 10.1 software.

Protein extraction and analysis by LC–MS/MS
U937 and HL-60 co-cultured with or without HS-5 were collected, washed with 1X PBS three times, centrifuged, 
and the recovered cell pellet was frozen in liquid nitrogen and stored at -80℃. Samples, including three 
replicates per test group, were sent to Shanghai Zhongke New Life Company for proteomics analysis. Raw data 
were analyzed for identification and quantitative analysis using the MaxQuant software (version 1.6.14). The 
label-free quantification (LFQ) intensity of proteins was determined by averaging the three replicates and used 
to calculate the fold change values (Fc). Proteins were considered up-regulated when Fc was > 2 and p < 0.05 and 
down-regulated when Fc was < 0.5 and p < 0.05.

Bioinformatics analysis
KEGG enrichment analysis was performed on the differentially expressed proteins. Fisher’s Exact Test (FET) was 
used to compare the distribution of individual KEGG pathways for the differentially expressed proteins and total 
proteins. The Wayne plot, protein heatmap and KEGG enriched bubble plot were obtained using the OmicStudio 
tools (https://www.omicstudio.cn/tool).

Real-time quantitative PCR (RT-qPCR)
Total RNA was extracted using the RNA-Easy isolation reagent (Vazyme Biotech, Nanjing, China). cDNA was 
synthesized using the Hifair III 1st Strand cDNA Synthesis SuperMix for qPCR (Yeasen Biotech, Shanghai, 
China), while real-time PCR was performed using the Hieff qPCR SYBR Green Master Mix (Yeasen Biotech, 
Shanghai, China). Primer sequences are provided in the Supplementary Table S1. GAPDH was used as the 
internal control, and the 2−ΔΔCT method was used to analyze the expression levels of genes.

Western blot analysis
Protein lysates were extracted using the RIPA lysis buffer (Vazyme Biotech, Nanjing, China) containing a 
protease and phosphatase inhibitor cocktail (#PPC1010, Sigma-Aldrich, St. Louis, MO, USA). Lysates were 
separated by 12% SDS-PAGE. The antibody against S100A8 was from Abcam (Cambridge, MA, USA), while 
that against NOX2 was from Immunoway (Beijing, China) and that against GAPDH was from Immunoway 
(Suzhou, China). Quantification of the protein bands was performed by densitometry and analyzed using the 
Image J 1.43 software.

Lentiviral transduction for S100A8 knockdown
Short hairpin RNA (shRNA) was purchased from Gene Pharma Company (Shanghai, China). The shRNA 
targeting the S100A8 gene had the antisense:

5′-​T​C​A​A​C​A​C​T​G​A​T​G​G​T​G​C​A​G​T​T​A-3′,
5′-​G​T​G​T​C​C​T​C​A​G​T​A​T​A​T​C​A​G​G​A​A-3′,
5′-​C​C​U​G​A​A​G​A​A​A​U​U​G​C​U​A​G​A​G​T​T-3′.
Two groups were established, the knockdown group (KD group, transfected with S100A8-shRNA-LV) and 

the negative group (NC group, transfected with scramble-shRNA-LV). Transfected cells were then grown in 
medium containing 1 μg/ml puromycin for selection.

Detection of Intracellular ROS
AML cells cultured under different conditions were washed twice with 1X PBS. DCFH-DA 
(2',7'-Dichlorodihydrofluorescein diacetate), a cell-permeable probe, was used to detect intracellular ROS. AML 
cells were incubated with 10 μM DCFH-DA (Beyotime Institute of Biotechnology, Hangzhou, China) for 20 min 
at 37 °C; cells were then washed three times with 1X PBS and resuspended in RPMI-1640 medium for FACS 
analysis.

Amplex red assay
Peroxidase levels in AML cells with different treatments, as well as peroxide levels in the supernatants, were 
assessed by using the Amplex™ red hydrogen peroxide/peroxidase analysis kit (Thermo Fisher Scientific, 
Waltham, MA, USA). A total of 15,000 cells resuspended in Krebs–Ringer Phosphate buffer (Solarbio, Beijing, 
China) or 50 μl of supernatant were added to a 96-well plate to detect NADPH oxidase activity or superoxide 
production, and analyses were carried out according to the manufacturer’s protocol.

Senescence-associated β-Galactosidase (SA-β-Gal) staining
Cell senescence was evaluated using the SA-β-gal staining kit (Beyotime, Shanghai, China). Briefly, the cells were 
washed with 1X PBS and incubated in the fixation solution for 15 min. at room temperature. Afterwards, the 
cells were washed with 1X PBS and incubated overnight in the SA-β-Gal staining solution at 37 °C. The images 
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were captured using an inverted microscope (Olympus, Tokyo, Japan), and the percentage of SA-β-Gal-positive 
cells was determined and results were obtained from three independent experimental replicates.

EdU staining
Cell proliferation was assessed using an EdU Cell Proliferation Kit with Alexa Fluor 488 kit (Epizyme, Shanghai, 
China). The cell nuclei were co-stained with DAPI (Solarbio, Beijing, China) for 10 min. and counted using a 
fluorescence microscope (Olympus, Tokyo, Japan).

Cytokine array
The cell supernatants were collected and centrifuged at 800xg for 10 min. to remove floating cells and debris. An 
unbiased human cytokine screening was carried out using the ELISA-based 80-target cytokine array kit (Abcam, 
Cambridge, MA, USA). The 11 × 8 format comprised 14 interleukins (ILs, brown), 27 chemokines (CKs, blue) 
and 39 other cytokines (yellow, including growth factors, colony-stimulating factors, receptors, etc.). Please see 
Fig. 6A.

Statistical analyses
All quantitative variables were presented as mean ± standard deviation. All statistical analyses were performed 
using the SPSS statistical software version 26.0. Two group comparisons were performed using a two-tailed 
Student’s t-test. Additionally, one-way ANOVA with a least significant difference post hoc test was used to 
compare mean values between multiple groups, and a two-tailed, two-way ANOVA was utilized in multiple 
comparisons, followed by the Bonferroni post hoc analysis to identify interactions. Results were considered 
significant when p < 0.05.

Data availability
All data generated or analyzed during this study are included in this article and its supplementary information 
files.If anyone would like data from this study, please contact corresponding author Professor Jianping Xu（ji-
anpingxu@fjmu.edu.cn）.
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